Perfused rat hearts release or accumulate approximately 10% of total Mg2+ content when stimulated with norepinephrine (NE) 
M g2+ is one of the most abundant cellular cations,1-3 and increasing evidence indicates that it plays a "key" role in regulating ion channels,4'5 enzymes,2'6-8 and a variety of cell functions.9,'0 Yet, this increased knowledge of individual cellular processes that are regulated by Mg2+ has not been paralleled by a better understanding of the mechanism(s) involved in intracellular Mg2+ homeostasis.
In bacteria, the existence of specific transporter(s However, these data fall short of identifying the type of plasma membrane transport mechanism(s) (i.e., an exchanger or a channel) involved in the Mg'4 efflux and influx stimulated by cAMP or protein kinase C, respectively. Recently, Gunther and 
Materials and Methods Perfused Hearts
Hearts were quickly removed from pentothal-anesthetized male Sprague-Dawley rats (220-250 g). Hearts were perfused at a rate of 10 ml/min through a cannula inserted in the aorta, with a buffer containing (mM) NaCI 120, KCl 3, CaCIb 1.2, MgCl2 1.2, KH2PO4 1.2, glucose 10, NaHCO3 12, and HEPES 10, pH 7.2 (at 37°C in the presence of 95% 02-5% C02). After 
Mg2`Transport in Cardiac Ventricular Myocytes
One hour after isolation, myocytes were washed three times and resuspended, at the final concentration of 1 x 106 cells/ml, in a medium containing (mM) NaCl 120, KCI 3, KH2PO4 1.2, MgCl2 1.2, CaCl2 1.2, NaHCO3 12, glucose 10, and HEPES 10, pH 7.2 (at 37°C with 95% 02-5% C02). Henceforth, this solution will be referred to as the resuspension buffer. During these manipulations no changes in cell viability were observed. Myocytes were incubated, at a concentration of 300 1Ltg protein/ml, in the same medium but without added Mg2 . After 5 minutes of stabilization, various agents (norepinephrine, forskolin, carbachol) were added to the incubation medium. At the times noted in the figures, aliquots of the experimental samples were withdrawn and rapidly sedimented in microfuge tubes. Mg2+ content of the supernate was measured by AA. For the experiments reported in Table 1 , aliquots of the incubation mixture were withdrawn at the indicated times and centrifuged in microfuge tubes through an oil layer (dibutyl-phthalate: dioctyl-phthalate [2:1] ). The supernate was removed by vacuum suction, and the pellet was digested overnight in 1 ml 10% HNO3. The cellular Mg2+ content was measured in the acid extracts by AA.
Ion Dependence
The role of extracellular Na+ and Ca>+ on Mg> transport was investigated by incubating isolated ventricular myocytes in a medium in which sodium chloride content was isosmotically replaced with choline chloride. In other experiments, instead of Na+, the CaCI, content of the medium was decreased to the concentration shown in the figures.
The role of extracellular Ca2+ was also studied in myocytes incubated in reaction media in which Ca2+ was replaced by Ba>', Mn2+, or Sr2+. Alternatively, myocytes were incubated in the presence of 120 ,uM Cd2+ to block Ca2+ channels and displace Ca2+ from plasma membranes. 27 In each of these experimental conditions, only contaminant Mg2+ was present (2) (3) (4) (5) The possible concern is that the Mg2+ efflux or influx is not specific to agonist stimulation, but could be the result of an increase in heart rate or force of contraction. The experiments of Figure 1 Table 1 of Reference 32), the total cellular Mg2+ concentration was estimated to be approximately 10 mM in control conditions and to decrease to 8.5-9 mM after the addition of norepinephrine or forskolin. By contrast, when myocytes were stimulated by carbachol, they accumulated Mg2+ so that the nominal total concentration was 11.5-12 mM. In both cases (efflux and influx), the amount of Mg2+ moving across the plasma membrane is similar and corresponds to 10-15% of the total cell Mg2+.
An attempt was also made to quantify Mg2' efflux and influx in the presence of different concentrations of extracellular Mg2`. Table 1 Both uptake and release of cell Mg2+ are temperature-dependent processes. Figure 4 shows myocytes incubated in a thermostated vessel at 37°C, 20°C, and 4°C and then stimulated with norepinephrine. By decreasing the temperature of incubation to 20°C or 40C, a significant decrease or a complete inhibition of the stimulated efflux rate was observed. The restoration of the temperature to 37°C restored the Mg2+ efflux. A similar temperature dependence was also observed for the cell uptake induced by carbachol (not shown).
Recent experiments by Gunther et al22,23 on plasma membrane of chicken erythrocytes suggested that Mg2+ Figure 6b shows that the redistribution of mitochondrial Mg2+', induced by cAMP, was not affected by changes in Na+ concentrations. Figure 7 shows the results of an experiment where myocytes were incubated in a medium containing a physiological concentration of Na+ (120 mM) but different concentrations of added Ca2+ (0, 0.2, 0. Figure 8 shows experiments where 120 /LM Cd> was used to block the Ca> channels in the plasma membrane of ventricular myocytes. In the presence of a physiological concentration of extracellular Ca2+ (1.2 mM), the addition of Cd>2 strongly decreased the norepinephrine-induced Mg`efflux and completely abolished the carbachol-stimulated Mg2+ influx (see Figure 8a and Figure lOa for comparison) . By decreasing the Ca' concentration to 0.5 mM, the inhibitory effect of Cd`was even more evident (Figure 8b ).
The importance of Ca 2+ in controlling Mg2+ movements is strengthened by the data reported in Figure 9 , (Figure lOb) , the rate of Mg2> efflux stimulated by norepinephrine was only slightly decreased with respect to that observed in the presence of Ca2+ (Figure lOa) . By contrast, the carbachol-induced Mg2+ influx was completely abolished (Figures lOa and lOb) . When Mn2+ was used to replace Ca 2+, both Mg2+ movements were completely blocked (Figure lOc) .
The replacement of Ca>+ by Sr`significantly affects both Mg2+ movements. Figure lla shows that, in the presence of 1.2 mM Sr2+, no Mg2+ movements were detectable after the addition of 10 1uM norepinephrine or 100 ,M carbachol. This phenomenon was further studied by detecting Sr2+ movements by using the redistribution of "5Sr. Cells were loaded for 4 hours with 5 gsCi/ml 85Sr (see "Materials and Methods"). 85Sr movements following norepinephrine or carbachol addition were detected by measuring the radioactivity in the pellet and/or in the supernatant. Under these experimental conditions, shown in Figure llb , Sr2+ appears to behave like Mg2+ in terms of uptake and release. A major efflux of cellular 85Sr was induced by 10 btM norepinephrine, whereas a sizable influx of the radioisotope followed the stimulation of myocytes with 100 ,uM carbachol. Discussion Previous evidence from this laboratory17'920 indicates that the increase in cell cAMP following ,3-adrenergic stimulation or treatment with forskolin or permeant cAMP analogues induces a sizable release of cellular Mg2+ from perfused hearts or livers and isolated ventricular myocytes or hepatocytes. A large fraction of this Mg2+ release is the result of the mobilization of a mitochondrial Mg2+ pool, which occurs because cAMP increases Mg> efflux through the adenine nucleotide translocase (AdNT). 19 Similarly, hormones or agents activating protein kinase C stimulate cell Mg2+ uptake in isolated cells,21 and this work shows that vasopressin can stimulate a major Mg2+ influx in perfused heart. The present study was aimed at better characterizing the requirement of extracellular Mg2+, Ca2+, Na+, and different cations on Mg> release and uptake by myocytes. show that this is not the case because 1) perfused hearts and isolated myocytes do not lose cellular Mg2e in the absence of carbachol or norepinephrine ( Figures 1 and  3) ; 2) under identical low extracellular Mg2+, cell Mg2+ uptake is detectable upon stimulation by carbachol ( Figures 1 and 3) ; 3) the process is temperature dependent (Figure 4) , and no Mg2+ loss is observable at low temperature; 4) increasing the extracellular Mg2+ toward or above physiological concentrations results in no change of rate and amount of Mg2+ release (and uptake). The data reported here clearly shows that a similar amount of Mg2+ is accumulated or released when the external Mg2+ concentration is in the micromolar (2-5 ,M [ Figure 3 ] or 50 ,uM [ Figure 1 ]), submillimolar (0.3, 0.5, and 0.8 mM [ Table 1 ]), or millimolar range (1.2 mM [ Figure 2 and Table 1] ).
The redistribution of 'Mg ( Figure 2 ) confirms that, within a few minutes of stimulation, the total intracellular concentration of Mg2+ is either increased or reduced by 1 mM. This amount is equal to or greater than =1 Under our experimental conditions, the norepinephrine-induced Mg24 efflux strictly depends on the Na4 concentration in the extracellular medium ( Figure 5 ). In fact, by decreasing the Na4 concentration, a concomitant reduction in Mg24 efflux is observed ( Figure 5 ). The same phenomenon is observed when forskolin, instead of norepinephrine, is used to mobilize Mg2+. This suggests that the failure in Mg24 mobilization is not attributable to a defect in cAMP rise after the ,B-adrenergic stimulation but is directly related to the reduction in Na4 concentration. This hypothesis is supported by the observation that digitonin-permeabilized myocytes (Figure 6b ) and isolated rat heart mitochondria (unpublished data) release Mg24 when stimulated by 50 nM cAMP either in the presence or in the absence of Na+ in the incubation medium.
Although these data support the existence of a Na+: Mg24 exchanger in the plasma membrane of cardiac myocytes, the attempt to measure a fixed stoichiometry of exchange was unfruitful. The estimation of total cellular Na+ and Mg24 contents before and after norepinephrine stimulation indicated an increase in total cellular Na4, which correlated well with a decrease in total Mg2+ content. However, the Na+: Mg2+ ratio exchange failed in our 
